We discuss a new "dry" lithographic process using only carbon dioxide (CO 2 ) as a solvent. Novel CO 2 soluble photoresists were synthesized based on random copolymers of poly(1,1-dihydroperfluorooctyl)methacrylate 2-tetrahyrdopyranyl methacrylate. Photoresist spin casting, development, and stripping were all carried out in either liquid or supercritical CO 2 . We investigate such parameters as resist sensitivity, contrast, and resolution. The contrast of these resists has been evaluated using 248 nm exposures, and promising test images have been formed.
INTRODUCTION
Throughout the last several decades, photolithography has evolved to keep pace with the rapid changes in the semiconductor industry. The technology has evolved from Novalac based resists to chemically amplified deep-UV resists to 193 nm systems. However, despite the drastic changes in chemistry, optics, and processing techniques, there has been relatively little improvement in the solvents used in these processes. The majority of lithography continues to use organic solvents for spin coating and resist stripping, and aqueous basic solutions such as TMAH for image development. These solvents and conventional methods have served the industry well for years, however, as feature sizes continue to shrink and exposure wavelengths drop to 157 nm and below, there are compelling reasons to reevaluate these processes and implement a new technology.
Dense phase carbon dioxide (CO 2 ) is well suited to replace conventional solvents in spin casting, image development, and photoresist stripping, resulting in a completely "dry" lithographic process. While the shift from a wet solvent-based system to one utilizing a compressed phase solvent such as CO 2 may seem daunting, there are enormous potential benefits. Also, such a change is not without precedent; in recent years many CO 2 based processes have proven their worth in other industries. CO 2 has proven its value as an alternative solvent for a variety of industrial extraction processes [1] , polymer processing [2] , and even consumer CO 2 -based garment cleaning [3] .
Dense phase CO 2 possesses several unique properties that make it appealing as a solvent for lithography. CO 2 in the liquid and supercritical states has a density only slightly less than that of water. [4] Because of this high density, it is possible to dissolve relatively large concentrations of polymers and other materials in CO 2 . When using resist systems designed for CO 2 , it is not difficult to achieve solids concentrations of 25 wt% or more. However, despite its relatively large density, dense phase CO 2 has a very low viscosity (5.7 x 10 -6 Pa*s at 25 degrees C and 930 psi). This low viscosity allows one to coat very thin films using CO 2 . In addition, the low viscosity allows CO 2 to penetrate into small crevices and features, much as a gas would, but its high density gives it transport properties similar to conventional liquids, allowing CO 2 to remove large amounts of resist from tiny crevices. This combination of high density and low viscosity make CO 2 well suited to film removal, and to deposition of thin films over large substrates. This should prove an asset as wafer sizes increase to 300 mm and beyond.
One of the major hurdles to successful 157 nm lithography is the opacity of conventional resist systems to 157 nm radiation. [5] Resists with a high optical density will not allow sufficient penetration of the radiation, and thus the photochemistry is inhibited. However, Kunz et al [6] , among others, found that while most polymeric materials have a high optical absorbance at 157 nm, fluoropolymers, hydrofluoropolymers and siloxane polymers are relatively transparent. Thus, the majority of 157 nm resists use chemistry based on these polymers. And while many of these materials exhibit poor solubility in conventional organic solvents, there exists a large body of literature showing that such materials often have high solubilities in dense phase CO 2 . [7] In fact, when such polymers are designed with CO 2 -solubility in mind, it is possible to form solutions under relatively mild conditions, e.g., liquid CO 2 .
Another source of difficulty in the fabrication of very small features is that of image collapse. As feature sizes continue to shrink faster than resist film thicknesses, high aspect ratio features are created. After developing such features in aqueous solutions, the subsequent drying steps often expose these features to significant lateral stress. This stress is caused by the surface tension of the evaporating aqueous solution, and often leads to feature collapse, thus destroying the image. Correcting this problem is often difficult because the high surface tension is an inherent property of water. However, CO 2 does not suffer this same shortcoming. CO 2 has a much lower surface tension than water, and, indeed, as the density of the liquid and vapor phases of CO 2 converge and the fluid enters the supercritical state, the surface tension forces disappear completely. In such a state, the fluid exerts no lateral forces to distort the image. Recognizing this potential, Namatsu, et al have shown that it is possible to use supercritical CO 2 to displace the aqueous developing fluid, and eliminate feature collapse even for very high aspect ratio features. [8] In any discussion of the numerous technical advantages of using CO 2 , we should be remiss if we failed to mention the significant environmental benefits of using CO 2 . Unlike many of the conventional solvents used in lithography, CO 2 is neither harmful to those working in close proximity to it, nor to the larger environment. This is by no means insignificant. In conventional lithography, wafers often undergo the lithographic process 25 or more times to build up the requisite layers of circuitry and interconnects, thus generating large quantities of waste. In addition, semiconductor fabrication facilities often consume enormous quantities of water per day. The 1997 Semiconductor Industry Association (SIA) National Technology Roadmap for Semiconductors (NTRS) (and its 1999 update) and the 1996 Electronics Industry Environmental Roadmap (EEIR) both emphasize the importance of reducing wet organic and aqueous consumption (and in turn waste streams) in the industry. Completely replacing the conventional solvents with CO 2 would clearly meet this goal. And since CO 2 is a byproduct of many other industrial reactions, and is also a recyclable material, no additional CO 2 need be generated nor released into the environment.
CO2 LITHOGRAPHY -CONCEPTS
A natural question that arises is how does one use the same solvent to spin cast, develop, and strip a photoresist? All of these processes require solvents with different strengths, and if we were using conventional solvents, we would clearly have to use a different solvent for each step. However, one of the compelling reasons to use CO 2 is the great tunability of the solvent, i.e., it is possible to drastically change the characteristics of CO 2 by changing the process conditions. For example, in order to spin cast films of photoresist using CO 2 , it is necessary to evaporate the CO 2 out of the solution and form a dry resist film. Thus, we must spin coat using conditions under which CO 2 is a liquid that may then evaporate into a vapor atmosphere. However, upon initial investigation it was found that our polymer resins were not sufficiently soluble in CO 2 liquid at ambient temperatures. Fortunately, CO 2 density, and thus solvent strength, are highly dependent upon temperature. In Figure 1 it can be seen that as we lower the operating temperature~10°C, we increase the density dramatically, thus allowing us to dissolve sufficient concentrations of resist into the CO 2 solution. A similar situation occurs during the development and stripping processes. When developing a negative tone resist, the developing solvent must be fairly mild, such that it does not remove the exposed portions of the film. However, when the etching is complete, it is then necessary to strip away the exposed resist as well. A highly tunable solvent such as CO 2 can be used for both of these steps. All that is required is a change in the physical conditions. Figure 2 illustrates how this may be accomplished, showing the vast difference in CO 2 density (and thus solvent strength) that may be obtained simply by changing the operating pressure and temperature.
This is perhaps better illustrated in Figure 3 , which shows how all of the lithographic processes may be carried out using CO 2 , but at different conditions. In this figure, the grey area indicates the region wherein the development may be carried out. After development, it is then possible to strip the same resist using CO 2 at the conditions indicated. Thus, we may use one solvent to carry out three vastly different processes. 
CO2 LITHOGRAPHY -EXPERIMENTAL DETAILS
In order to develop an all CO 2 based dry lithography, it was first necessary to synthesize polymer resins and photoacid generators (PAGs) which were highly soluble in CO 2 . In our current work we utilize a random copolymer of poly(1,1-dihydroperfluorooctyl)methacrylate 2-tetrahyrdopyranyl methacrylate (70:30, PFOMA:THPMA). In a conventional organic solvent this copolymer would act as a positive resist, with the MAA acid being much more soluble than the original THPMA in a solution of TMAH. However, in CO 2 the transformation from the PFOMA-r-THPMA to a PFOMA-r-MAA results in a less CO 2 -soluble material (Figure 4 ). This same trend is observed for many resists in CO 2 ; materials that act as a negative tone resist in conventional organic solvents will behave as positive tone resists in CO 2 . This resin was found to be soluble in CO 2 at relatively mild conditions, and similar resins have been shown to be developable in CO 2 by Ober et al. [9] a) b) c) Since no prior work had been done on spin coating films using liquid CO 2 , initial work focused on process feasibility and investigating the effect of the various process conditions, namely, pressure (evaporation rate), solution concentration (viscosity), and spinning speed. This work was conducted using a first-generation CO 2 spin coater designed to accommodate 125 mm Si wafers. The key components of the spin coater are shown in Figure 5 . The actual coating takes place in the cylindrical high-pressure chamber. Resist solutions are mixed and stored in a small highpressure view cell. In order to precisely control the evaporation of the resist, it is necessary to monitor the pressure of the solution, and then adjust the spinning chamber volume accordingly. The spinning chamber is set to a pressure 5-15 psi below that of the solution equilibrium, at which point a valve is opened and the resist is dispensed onto the wafer through a high pressure sample loop. Throughout the spinning process, the pressure in the chamber is maintained with a high accuracy pressure gauge (Druck Inc.) and a control valve (Badger Meter). Taking advantage of the inherent pressure in the system, the wafers are secured via a pressure differential chuck. In this setup the pressure differential between the high-pressure chamber and the atmosphere causes the wafer to adhere to the chuck, using the same principle as a conventional vacuum chuck, but operating at high pressures. After the film is formed, the resist film is dried by simple lowering the pressure of CO 2 in the chamber, resulting in a completely solvent free film, with no need for baking to drive off residual solvent.
Unlike conventional solvent castings where the solvent evaporation is driven by diffusion and mass transfer into the surrounding atmosphere [10] , the dry film in a CO 2 based process is formed as liquid CO 2 evaporates into the pure CO 2 atmosphere. Thus the evaporation rates are wholly dependent upon the pressure differential maintained in the system. While this introduces some additional complexity into the coating process, it also allows a new degree of control not generally present when using conventional solvents -the ability to accurately control film evaporation rates during spinning. This allows us to spin films of very different thicknesses at the same spinning speed, simply by controlling the chamber pressure, i.e. evaporation rate.
After successfully forming high quality resist films, resist contrast and sensitivity were evaluated using a deep-UV flood exposure tool (Oriel). All exposures were carried out at 248 nm. Post exposure baking temperatures ranging from 90°C to 120°C were used. Latent images were then developed by placing sectioned wafers into a CO 2 flow through chamber. This chamber consists of a tubular, 1" diameter bore reactor, with variable temperature control (20°C -80°C) . After sectioned wafers were placed into the chamber, supercritical CO 2 was injected into the system at a constant flow rate using a pre-heated high-pressure syringe pump (Isco). The CO 2 pressure (3500 psi -4600 psi) in the chamber was maintained constant via a control valve at the CO 2 exit, thus it was possible to precisely maintain CO 2 temperature, pressure, and flow rate throughout the development. Resist stripping was carried out in the same chamber, but at higher pressures (4000 psi -6000 psi). After development, contrast curves and feature quality were determine via profilometry (Tencor) and scanning electron microscopy.
RESULTS
Film quality and uniformity using this process were found to be quite high.
Initial profilometry measurements indicated uniform films of 1060 +/-30 nm, although films as thin as 400 nm have been cast using this apparatus. AFM scans have shown that the local smoothness is also quite good (r.m.s. roughness of 0.4 -0.5 nm). It should be noted that this is a first generation device, and subsequent devices will no doubt produce even better results.
This resist system was evaluated under a variety of conditions. Post-exposure baking temperatures of 90°C , 105°C, and 120°C were used. PAG concentrations was varied from 1 wt% to 5 wt%, with 1 wt% being too weak to produce clear images. Both the nonionic PAG and the ionic PAG were studied. It was found that the nonionic PAG produced very sharp contrasts, however, it required rather large doses to clear (35 mJ/cm 2 ). However, the nonionic PAG was designed as a 193 nm PAG, and has rather low absorbance at 248 nm, so it is not operating under optimal conditions. Work is underway to evaluate this PAG at 193 nm. The ionic PAG had a much lower dosage to clear on average (~17 mJ/cm 2 ), but did not produce such sharp contrasts. A typical sensitivity plot for an ionic PAG sample is given in Figure 6 . Resin molecular weight was varied from 15k to 35k, with the 15k MW samples yielding the sharpest image.
In order to evaluate the performance of this resist system for imaging, simple contact exposures were carried out using the same flood exposure setup at 248 nm. While the resolution of the images was limited by the relatively large features on the mask, and the optics used, the resulting images were quite promising as a first attempt. Figure 7 shows a sample image of lines and spaces created using all CO 2 based lithography.
Work is currently underway to evaluate this resist system using more robust optics and 193 nm lithography. And results will clearly improve as the processing variables (PEB, PAG %, polymer MW) are optimized.
CONCLUSIONS
We have demonstrated that completely solvent free, dry lithography, is indeed possible. We have performed spin casting, development, and resist stripping all using CO 2 as the only solvent. Film quality is quite high for a first generation high pressure spin coating device. While sensitivities and contrasts can be improved, initial results were very promising for a system with so little optimization. Work continues on refining this system for 193 nm lithography, and extending this technology to the next generation 157 nm lithography. 
